A Streptococcusfaecalis genomic bank was obtained by partial digestion with MboI and cloning into the Sall restriction site of pTZ18R. Screening of about 60,000 Escherichia coli transformants for cell wall lysis activity was done by exposing recombinant colonies grown on a medium containing lyophilized Micrococcus lysodeikticus cells to chloroform and toluene vapors in order to release proteins. Because this procedure provoked cell death, colonies could not be used directly for transformant recovery; however, recovery was achieved by partial purification of plasmid DNA from active colonies on the agar plate and transformation of E. coli competent cells. About 60 recombinants were found. One of them (pSH6500) codes for a lytic enzyme active against S. faecalis and M. lysodeikticus cell walls. A shorter clone (pSH4000) was obtained by deleting an EcoRI fragment from the 6.5-kb original insert, leaving a 4-kb EcoRI-MboI insert; this subclone expressed the same lytic activity. Sequencing of a portion of pSH4000 revealed a unique open reading frame of 2,013 nucleotides coding for a 641-amino-acid (74-kDa) polypeptide and containing four 204-nucleotide direct repeats.
Bacteria exhibit several types of enzymes, known as autolysins, that can degrade their own cell walls (31) ; autolysins are usually active on bacterial-wall peptidoglycans (29) and can be as diverse as N-acetylmuramidases (lysozymes), N-acetylglucosaminidases, N-acetylmuramyl-L-alanine amidases, endopeptidases, and transglycosylases (14) . A given bacterial species can possess several autolysins; these can be involved in cell wall turnover (6) , cell separation, competence for genetic transformation, formation of flagella, and sporulation (25) .
Some Streptococcus (Enterococcus) autolysins have been characterized. For example, Streptococcus pneumoniae possesses a well-studied cell wall amidase in addition to an endo-,-1,4-N-acetylglucosaminidase (12) . Streptococcus faecium has two autolytic hydrolases: muramidase-1, which is a ,-1,4-N-acetylmuramidase with an 87-kDa active form (5) , and muramidase-2, which has a 125-kDa and a 75-kDa active form (4) . These two S. faecium autolysins differ in substrate specificity, molecular mass, and probably hydrolysis mechanism. It is interesting that the two active forms of S. faecium muramidase-2 can bind penicillin covalently (4) . The lytic enzymes produced by S. faecalis (8) were reported to have molecular masses and substrate specificity similar to those of the two S. faecium peptidoglycan hydrolases just described.
In this study, we present the cloning, sequencing, and expression in Escherichia coli of one Streptococcus faecalis autolysin. Although the sequence of an S. pneumoniae amidase has been published elsewhere (11) Chromosomal-DNA preparation. An S. faecalis isolate previously described by Leclerc and Asselin (17) was grown with vigorous shaking in brain heart infusion broth at room temperature to an approximate A450 of 0.1. Chromosomal DNA was prepared according to the method of Rodriguez and Tait (24) except that the cell pellet (about 0.35 g, wet weight) was stored at -20°C overnight and subsequently thawed on ice; typical yields of 170 ,ug/liter of culture medium were obtained.
Gene library construction. Phage and single-stranded DNA from pTZ18R and its derivatives were prepared as recommended by the supplier. Double-stranded DNA was isolated according to the method of Birnboim (1). The genomic library was constructed as previously described (22) except that MboI was used instead of Sau3A for partial digestion of chromosomal DNA and that 7-to 10-kb fragments were selected for cloning.
Clone selection. The procedure for in situ detection is modified from that of Hogg (16 (24 kDa) , and lysozyme (16 kDa). Lane S.f., crude protein extract from S. faecalis; lanes pSH6500, pSH4000, pSH4000r, and pTZ18R, sonicated E. coli extracts carrying the cloned S. faecalis cell wall hydrolases (pSH6500, pSH4000, and pSH4000r) and pTZ18R plasmid vector, respectively.
2,500-bp EcoRI fragment from the 5' end of pSH6500; pSH2800, obtained by removing a 1,286-bp HpaI-HindIII fragment at the 3' end of pSH4000; and pSH4000r (r = inverted insert), obtained by inverting the insert of pSH4000 (Fig. 1 ). For pSH4000 and pSH2800, the exonuclease III reaction started at the third AccI restriction site from the 5' terminus, and for pSH4000r, it started at the HindIlI restriction site. Sequences of both strands were obtained with the T7 DNA Polymerase kit by the method of Sanger et al. (27) , using single-stranded templates. Nucleotide and amino acid sequences were analyzed with the help of the University of Wisconsin Genetics Computer Group sequence analysis package (3) and with DNA Strider (18) .
Nucleotide sequence accession number. The GenBank accession number for the sequence discussed here is M58002.
RESULTS
Selection of recombinants with hydrolytic activity. A genomic bank was constructed by inserting S. faecalis DNA fragments obtained by partial digestion with MboI into the SalI restriction site of pTZ18R (32) . E. coli NM522 was used for transformation, with an efficiency of 107 CFU/,ug of recombinant plasmid DNA. About 60,000 transformants were plated on autoclaved M. lysodeikticus cell-containing medium as substrate for cell wall lytic activity. Sixty recombinants were detected after treatment with organic vapors as described in Materials and Methods. Detection of lytic activity was not possible without this treatment, since the putative cloned hydrolases were not secreted from the E. coli host cell. A genomic clone (pSH6500) exhibiting lytic activity was selected, and a partial restriction map for localizing the lytic gene in the insert was obtained (Fig. 1) .
Cell wall lytic activity of clones pSH6500 and pSH4000. Protein extracts from clones pSH6500 and pSH4000 were subjected to SDS-PAGE in the presence of M. lysodeikticus cells for detection of cell wall hydrolases (17, 22) . After renaturation in a Triton X-100-containing buffer, cell wall hydrolases appeared as clear lysis bands against an opaque background. Various bands ranging from 66 to -130 kDa and exhibiting hydrolytic activity towards M. lysodeikticus cells (Fig. 2, lanes pSH6500 and pSH4000) were observed in pSH6500 and pSH4000 extracts. These bands could also be detected in a crude S. faecalis extract (Fig. 2, lane S.f.) . Activity was also observed when S. faecalis cell walls instead of M. lysodeikticus lyophilized cells were used (results not shown). No hydrolytic activity was found in extracts from E. coli containing pSH4000r or pTZ18R (Fig.  2, lanes pSH4000r and pTZ18R) .
Nucleotide sequence of S. faecalis autolysin. The deletion clones produced by exonuclease III digestions, starting at the 5' end generated by the AccI cut (at the most downstream AccI site, Fig. 1 (Fig. 3) . The coding sequence corresponds to a polypeptide with a molecular mass of 74 kDa (calculated with DNA Strider [18] ) showing four direct repeats of 204 nucleotides each located near the carboxy-terminal end of the protein. The analysis of the direct repeats shows that 50 (73.5%) of 68 amino acids are identical in the four repeats (19 of them correspond to silent mutations), 13 (19.1%) are repeated three times, and 5 (7.4%) are identical when compared two by two. There are two unique amino acids and one deletion in the first repeat. The second repeat has one unique amino acid, and the fourth repeat has four unique amino acids and a 5-amino-acid deletion at the 3' end (Fig. 4) . In the case of unique amino acids, the substitution is usually caused by a mutation in the first or second nucleotide of the codon, except that in the fourth repeat, mutations can be found in all three nucleotides. Upstream from the ATG initiation codon, a putative ribosome-binding site (28) and a promoterlike sequence (TATA box) can be found at -15 and -29, respectively (Fig.  3) .
No significant sequence homology could be found between the S. faecalis autolysin and any published cell wall hydrolase sequence, including Bacillus sp. cell wall hydrolase (22) , S. pneumoniae cell wall amidase (11) , or various bactenrophage muram-idases (7, 13, 19-;1, L3, wU).
given. The nucleotide numbers are shown at each end of the lines, +1 being the first nucleotide of the putative initiating methionine; the deduced amino acid sequence is given under the nucleotide sequence. Dots Because the cell wall lytic activity increased as the clone was shortened from its 5' end, it was not easy to reduce the size of the genomic insertion to less than 4 kb (including 2,000 bp upstream from the ATG) without affecting the viability of the clones. One possible explanation is that the 5' noncoding region may contain negative cis elements acting on the putative endogenous S. faecalis promoter, so that the promoter would be just strong enough in E. coli to permit the detection of some lytic activity but not strong enough to have a lethal effect on the bacterial host. When this promoter region is removed, the autolysin gene then falls under the control of the stronger P-galactosidase promoter (LacZ) in the vector, resulting in a higher level of autolysin expression. Another explanation could be that the S. faecalis promoter is not active in E. coli and all the lytic activity is produced by the ,-galactosidase promoter in pTZ18R. The large 5' noncoding region serving as a negative modulator permits only a few RNA polymerase molecules to go all the way to the transcription start site, but when this region is removed, only then does the promoter become fully active. This last hypothesis seems to be supported by the behavior of clone pSH4000r (an inverted insert of pSH4000), which shows no activity (Fig. 2, lane pSH4000r) . Nevertheless, it must be kept in mind that this construct contains the P-galactosidase promoter at one end of the gene and a putative S. faecalis promoter at the other end, and an antagonistic effect could occur.
The shortest clone exhibiting lytic activity is pSH4000. In the case of the deletion clones produced by the exonuclease III reaction, the longest viable subclones, lacking approximately 300 bp from the 5' end in the coding region, are also inactive. It is possible that the active site of the autolysin is located in this region.
One S. faecalis clone (pSH4000) was sequenced, and its cell wall lytic activity was also analyzed by SDS-PAGE. Polypeptides from clone pSH4000 showed the same electrophoretic pattern as clone pSH6500. Activity against M. lysodeikticus and S. faecalis cell walls indicated autolytic activity. Several lytic bands were observed after SDS-PAGE of the cloned S. faecalis autolysin. Some of these bands show the same migration patterns as active proteins from a crude S. faecalis extract (Fig. 2, lane S.f.) .
The coding capacity of pSH4000 is for a 641-amino-acid protein with a calculated molecular mass of 74 kDa. This molecular mass could well correspond to the lower band of the clone migrating exactly as the two main bands from the crude S. faecalis extract. The band near 130 kDa (Fig. 2 , lanes pSH6500 and pSH4000) could possibly be explained by a covalent dimerization of the monomer, representing a modified form of the autolysin in E. coli. The upper band near -130 kDa could not be altered by using large amounts of reducing agent (up to 10% dithiothreitol). This indicates that it is not the result of disulfide bonds between two monomers. Since covalent dimers are often formed in vitro by exposing proteins to chemicals, it is conceivable that covalent dimerization could also occur in E. coli. Activity bands lower than the -130-kDa band were also observed and could represent partial proteolytic active products. It is interesting that the relative importance of these bands was found to vary with E. coli growth. For instance, when E. coli is grown for approximately 24 h, the extract exhibits less of the upper (-130-kDa) band than an overnight (18-h) culture does (data not shown). Multiple bands of autolysin activity are also observed when several gram-positive bacteria are used in this gel assay (17) . The activity patterns from clones pSH6500, pSH4000, and S. faecalis are in agreement with previous results of the same gel assay involving a different S. faecalis isolate (17) . The faint activities migrating below 29 kDa in the S. faecalis extract (not present in the extract from clones pSH6500 and pSH4000) correspond to enzymes releasing teichuronic acids from M. lysodeikticus cells (29a) .
The cloned autolysin shares some similarity with previously described S. faecium muramidase-2 (4), and they both have an estimated molecular mass around 75 kDa (we calculated 74 kDa for a 641-amino-acid polypeptide). It is noteworthy that S. faecium muramidase-2 can bind penicillin in a covalent manner (4) and that penicillin-resistant isolates contain increased levels of a previously described 75-kDa penicillin-binding protein (PBP 5) (2, 9).
The sequence analysis of clone pSH4000 reveals four direct repeats at the carboxy end of the protein. Even though no significant homology could be found between the complete S. faecalis autolysin sequence and any other published sequences of cell wall hydrolases, it is possible to find up to 46% similarity in 52 amino acids encoded by gene 15 from Bacillus bacteriophage ¢29 (13) , which codes for a lysozyme, when only the repeated sequences are compared. Repeats were also observed in other cases: pneumococcal bacteriophage Cp-1 muramidase and the S. pneumoniae amidase both share a carboxy-end homologous domain that contains six repeats of 20 amino acids each (10) . For the S. pneumoniae amidase, it was demonstrated that the carboxy end is not essential for activity but is required for the enzyme to be fully functional (26) . Further study of clones shortened by one or more repeats will help in determining the functions of these repeats in the protein and finding out if they could be involved in binding the substrate.
